[1] We have calculated slab fluid temperatures for 51 volcanoes in 10 subduction zones using the newly developed H 2 O/Ce thermometer. The slab fluid compositions were calculated from arc eruptives, using melt inclusion-based H 2 O contents, and were corrected for background mantle contributions. The temperatures, adjusted to h, the vertical depth to the slab beneath the volcanic arc, range from $730 to 900 C and agree well (within 30 C on average for each arc) with sub-arc slab surface temperatures predicted by recent thermal models. The coherence between slab model and surface observation implies predominantly vertical transport of fluids within the mantle wedge. Slab surface temperatures are well reconciled with the thermal parameter (the product of slab age and vertical descent rate) and h. Arcs with shallow h ($80 to 100 km) yield a larger range in slab surface temperature (up to $200 C between volcanoes) and more variable magma compositions than arcs with greater h ($120 to 180 km). This diversity is consistent with coupling of the subducting slab and mantle wedge, and subsequent rapid slab heating, at $80 km. Slab surface temperatures at or warmer than the H 2 O-saturated solidus suggest that melting at the slab surface is common beneath volcanic arcs. Our results imply that hydrous melts or solute-rich supercritical fluids, and not H 2 O-rich aqueous fluids, are thus the agents of mass transport to the mantle wedge.
Introduction
[2] Subduction zones are tectonic boundaries where oceanic crust and overlying sediment are thrust downward into the mantle. The fate of volatiles contained within the subducting slab is mainly dependent upon the slab's pressure-temperature (P-T) path and how this influences the stability of volatile-bearing minerals [e.g., Hacker, 2008; van Keken et al., 2011] . Of particular interest in this process are the reactions that occur in the slab beneath volcanic arcs ($90 to 120 km on average Syracuse and Abers, 2006] ), as they initiate another process responsible for recycling volatiles to the surface of the Earth. This study focuses on this critical zone in the slab beneath the arc.
[3] The thermal structure of subducting slabs ( Figure 1 ) determines both the quantity and composition of slab fluids released into the mantle wedge. Warm slabs may drive efficient dehydration, and as a consequence, subducted volatiles may be returned to the surface via arc volcanism. On the other hand, cool slabs may inhibit dehydration reactions, and volatiles could be retained to greater depths where they may hydrate the deep Earth [e.g., Ohtani et al., 2004; Hirschmann et al., 2006] . Thus, each subduction zone may recycle volatiles with different efficiency depending primarily on its thermal structure [van Keken et al., 2011] .
[4] The solute content and trace element (TE) signature of slab fluids are also controlled by slab thermal structure. Slab fluids are predominantly aqueous and poor in many tracers, like the rare earth elements (REE), at temperatures below the wet solidus ($700 C at 3 GPa [Manning, 2004; Schmidt et al., 2004; Hermann and Spandler, 2008] ), and composed of hydrous melts rich in many tracers at higher temperatures [Kessel et al., 2005a; Hermann et al., 2006; Hermann and Spandler, 2008] . When pressure is greater than the 2nd critical end-point on the wet solidus of a slab lithology (as of yet not well determined, but likely >2.5 GPa Kessel et al., 2005b; Klimm et al., 2008 , Mibe et al., 2011 ), slab fluids may be supercritical with complete miscibility between aqueous fluids and hydrous melts [Manning, 2004] . In this region, there may still be a rapid change in solute proportions, not as abrupt, but comparable to the changes that occur at the solidus [Manning, 2004; Hermann et al., 2006] . The transport properties of these fluids, trace element partition coefficients, and mineral solubilities are all a strong function of solute content, which scales strongly with temperature [Hermann et al., 2006] . [5] Arc magmas derive in part from the fluids that exit the slab and drive melting in the mantle, and inherit their unusual trace element signatures from them. Arc magmas are the primary products of the subduction zone; they build the continental crust, and their geochemical compositions are the principle tools we use to infer the conditions under which the slab dehydrates. This is possible only if we understand how minerals and fluids interact chemically in the subduction zone, and laboratory experiments yield wide-ranging results. Experimental studies by Johnson and Plank [1999] , Kessel et al. [2005a Kessel et al. [ , 2005b , Hermann and Spandler [2008] , Klimm et al. [2008] , Hermann and Rubatto [2009] , and Skora and Blundy [2010a] have used synthetic starting compositions engineered to approximate oceanic crust and sediment, and from them, generated fluids that change composition as a function of P and T. The interpretation of these experimental results with respect to the geochemical composition of specific arcs has led collectively to a wide range of inferred slab fluid temperatures, from $700 to 1,000that from another. For example, B is generally considered to be lost from the slab at relatively low temperatures (<550 C) while Th is thought to be lost at relatively high temperatures (>750 C, above the wet sediment solidus). How do we interpret arcs with both B and Th enrichment [Elliott, 2003] ? Do multiple fluids from different thermal regions of the slab mix ? Or does slab material itself mix and undergo a range of metamorphic reactions [King et al., 2006] ? How much material is dragged down with the slab [Tatsumi, 1986; Hebert et al., 2009] versus buoyantly detached from the slab [Gerya and Yuen, 2003; Currie et al., 2007] ? [6] Another major unanswered question in plate tectonics is why volcanic arcs form where they do, above a narrow but significant range of depths to the slabs, from $60 to 200 km Syracuse and Abers, 2006] . Ideas fall into three groups -those that emphasize slab, mantle, or upper-plate control. Early proposals for slab control focused on critical dehydration reactions in or along the slab as the ultimate source of arc volcanism [e.g., Tatsumi, 1986] ; more recent ideas have focused on the total slab flux of volatiles at any given depth [Rüpke et al., 2002] or linkages between slab seismic velocity structure and the location of the mantle Figure 1 . Comparison of numerical models of slab surface P-T paths. (a) Green line is the P-T path for material in the subduction channel that detaches and then rises buoyantly in the mantle (HYAD model from Gerya and Stoeckhert [2006] , for a 40 Ma slab and 30 mm/yr convergence rate). Orange line is the D80 model from Syracuse et al. [2010] (see Table 1 footnotes for details) for North Vanuatu, which has comparable subducting parameters (39.6 mm/yr and a 44 Ma slab). Yellow box represents the total range in slab fluid temperatures at 4 GPa for individual volcanoes, calculated from melt inclusions using the H 2 O/Ce thermometer of Plank et al. [2009] given in equation (1) (see Table 1 ). (b) Models for the S. Mariana slab, from Hebert et al. [2009] (green line) and Syracuse et al. [2010] (orange line). Yellow box represents the H 2 O/Ce temperature (AE50 C) for the Mariana arc, adjusted for h, the depth of the slab beneath the arc [from Syracuse et al., 2010] . For both panels, the H 2 O-saturated sediment solidus is shown for reference (black line; based on experiments of Hermann and Spandler [2008] ). melting region . Another group of models postulates instead that a critical reaction or critical isotherm in the mantle, modulated by focused fluid or melt flow, controls the locus of volcanism at the surface [Davies and Stevenson, 1992; Schmidt and Poli, 1998; England and Wilkins, 2004; Syracuse and Abers, 2006; Grove et al., 2009; England and Katz, 2010] . Finally, upper plate structure or stress regime may control the final pathways of magma to the surface [Kay et al., 1982; MacKenzie et al., 2008] . Despite long-standing interest and no lack of ideas, it is still not clear what controls the location of volcanic arcs worldwide. One problem has been the lack of constraints on the thermal structure in subduction zones, which determines the magnitude and location of fluid flux from the slab.
[7] Independent constraints on slab thermal structure come from numerical and analog geodynamic models. Current models, however, conflict in their predictions as to whether subducting material will experience sub-solidus, solidus, supersolidus, or supercritical reactions at sub-arc depths (Figure 1) . Uncertainties in the depth of slab-mantle wedge coupling, mantle rheology, and slab geometry have yielded wide variations in the estimates of sub-arc slab surface temperatures (SASSTs). For example, thermal models from England and Wilkins [2004] , Gerya and Stoeckhert [2006] , Arcay et al. [2007] , and Iwamori [2007] predicted SASSTs uniformly <700 C. In contrast, Kincaid and Sacks [1997] , van Keken et al. [2002] , Kelemen et al. [2003] , and Syracuse et al. [2010] predicted SASSTs between $700 and 950 C. These latter results agree with those from the scaled analog (tank) models from Kincaid and Griffiths [2004] -one of few models to incorporate three-dimensions. Figure 1 compares a few models with comparable input parameters. Gerya and Stoeckhert [2006] incorporate multiple weak and buoyant materials that lead to the development of a subduction channel and significant upward flow of material back toward the surface. While these models are useful for envisioning how ultra-high pressure rocks may be rapidly exhumed, they predict uniformly cool temperatures in the subduction channel and mantle wedge [Castro and Gerya, 2008] . Hebert and Gurnis [2010] incorporate mantle hydration and melting, leading to a low viscosity channel above the slab surface that perturbs flow, warming the shallow slab but leaving the deeper slab cool, despite a very hot input mantle (1,500 C). Thus, current models incorporate complex behavior, and yet predict slab surface temperatures that differ by hundreds of degrees at the same depth. [8] With such disparate models and such varied interpretation of arc magmas, what is needed are new constraints and a confluence of model and observation. Two recent advances offer such opportunity. One is the development of new geothermometers. Plank et al. [2009] review the topic and present a new potential slab fluid thermometer based on the ratio of H 2 O/Ce, using H 2 O measured in mafic arc melt inclusions. The other is a new study by Syracuse et al. [2010] that provides self-consistent thermal models for each global subduction zone. Our goal is to compare the geothermometry results with the thermal models for several subduction zones that have magmatic H 2 O data (e.g., Tonga, the Marianas, Kamchatka, the Aleutians, Cascadia, Mexico, Central America, and the Lesser Antilles; Figure 2 ), and which span a range of subduction parameters (e.g., depth to slab, slab age, and descent rate). This paper addresses three important questions: Do the data and models provide a coherent view of slab temperatures beneath arcs? Do we understand why some subduction zones seem to have higher SASSTs than others? How does slab thermal structure affect the locus of volcanism at the surface and the composition of magmas that erupt? Some additional questions are addressed by a companion paper [Ruscitto et al., 2012] : Do other slab tracers correlate with inferred SASSTs? Do slab fluid compositions reconstructed from parental magmas vary between arcs characterized by different thermal regimes? Are volatile fluxes and recycling efficiencies estimated from arc volcanoes in agreement with what is expected from thermal models?
2. The H 2 O/Ce Thermometer [9] The traditional approach to inferring the temperature of slab dehydration reactions is to focus on a suite of trace elements in arc magmas (i.e., using a spider diagram or trace element ratios), and compare the observations to laboratory experiments that determine solid/fluid bulk partitioning as a function of temperature [e.g., Brenan et al., 1995; Keppler, 1996; Johnson and Plank, 1999; Kessel et al., 2005a; Hermann and Rubatto, 2009] . While such approaches have been valuable in identifying different kinds of components found in arc magmas (tagged as aqueous fluids, hydrous melts, or supercritical fluids Turner et al., 1996; Straub et al., 2004; ), they are limited in their ability to constrain temperature with any accuracy. In fact, it is currently intractable to fully constrain the partitioning of most trace elements in slab fluids as a function of equilibration temperature, given the shear number of variables involved. For example, the fluid concentration of Sr at any given temperature requires knowing the compatibility of Sr in a multitude of minerals (e.g., feldspar, lawsonite, pyroxene, and apatite, among others), the proportions of these minerals within the system, the fluid fraction, and the bulk composition. This kind of information is rarely available at any temperature for even a single bulk composition. On the other hand, some trace elements may serve as major structural components in certain minerals (e.g., Zr in zircon, K in mica, Ti in rutile, and REE in monazite and allanite), and so their concentration in fluids will depend on the solubility of these minerals, which may be less dependent on bulk composition, the presence of other phases, or modal abundances. For example, the TiO 2 content of a rutile-saturated fluid will be fixed by rutile (TiO 2 ) solubility, thus simplifying greatly the problem of predicting fluid concentrations in multiphase assemblages. Several recent studies have determined the solubility of trace element-rich minerals at high temperature and high pressure [e.g., Hayden and Watson, 2007; Antignano and Manning, 2008; Hermann and Spandler, 2008; Hermann and Rubatto, 2009; Skora and Blundy, 2010a; Tropper et al., 2011; Hayden and Manning, 2011] , and this work has motivated a new class of geothermometers.
[10] Recently proposed fluid thermometers include K 2 O/H 2 O (based on the solubility of phengite [Hermann and Spandler, 2008] ), light REE/Ti (based on the solubilities of allanite and rutile Figure 2 . Location map (from GeoMapApp) of the subduction zones in this study. For Central America, volcanoes within the political boundaries of Guatemala, Nicaragua, and Costa Rica are distinguished, based on prior work which found large physical and geochemical variations along strike. Boxed numbers indicate slab surface temperatures beneath each arc (from Table 1 ), based on H 2 O/Ce ratios measured in melt inclusions (H 2 O) and the depth to slab beneath the arc (h) from Syracuse et al. [2010] . Temperatures generally increase with both h and thermal parameter (age * vertical descent rate). [Klimm et al., 2008] ), and H 2 O/Ce (based on the solubility of allanite or monazite [Plank et al., 2009] (Figure 3) ). The H 2 O/Ce ratio has the advantage that it varies by 4 orders of magnitude in fluids generated between $600 and 1,000 C at 4 GPa (unlike light REE/Ti, which varies by only a factor of 10) and is readily resolved in arc magmas from background mantle values (unlike K 2 O/H 2 O, which overlaps in arc, mid-ocean ridge, and ocean island basalts). Moreover, H 2 O/Ce has two further advantages as a thermometer: 1) it varies little in basalts from other tectonic settings (200 AE 100 [Michael, 1995; Dixon et al., 2002] ); and 2) it is minimally fractionated during partial melting in the mantle due to similar partitioning of H 2 O and Ce in anhydrous peridotite . We thus focus on the H 2 O/Ce tool here. [11] In detail, the inverse relationship between H 2 O/Ce and temperature (Figure 3 ) stems from two independent thermometers that vary with temperature in opposite senses. The first is the variation in the concentration of H 2 O in fluids (used here broadly to mean anything from aqueous fluid to hydrous melt to supercritical fluid) as a function of temperature, from >90% H 2 O in low-temperature (<700 C) aqueous fluids to <20% H 2 O in hydrous silicate melts or high-temperature supercritical fluids [Manning, 2004; Kessel et al., 2005b; Hermann and Spandler, 2008] (Figure 4 ). The second relationship is based on the solubility of allanite and monazite, and their control on light REE abundances as a function of temperature [Montel, 1993; Kessel et al., 2005a; Klimm et al., 2008; Hermann and Rubatto, 2009] . The several orders of magnitude increase in the solubility of REE phases from $600 to 1000 C, coupled with the factor of $10 decline in H 2 O concentration, means that the ratio of H 2 O to light REE provides excellent sensitivity with respect to temperature.
[12] To simplify its application, Plank et al. [2009] normalized H 2 O to a single light REE, Ce. The choice of Ce was motivated by the common use of the H 2 O/Ce ratio in other kinds of settings. Michael [1995] first pointed out the near constancy of H 2 O/ Ce in mid-ocean ridge basalts (MORBs), which has been widely used as a constraint on the H 2 O content of the upper mantle. Since then, Dixon et al. [2002] , Hauri et al. [2006] , and Workman et al. [2006] have extended its utility to ocean island basalts (OIBs) and deeper mantle processes. Given this well-developed background, it seemed natural to consider this ratio in arcs. Moreover, as discussed further below, the H 2 O/Ce ratio of least-degassed arc magmas is uniformly higher than its restricted range in MORB and OIB. Potential drawbacks to using Ce are that it may occur in two oxidation Absolute temperatures are given along the top axis. Grey curve with error bar is fit to all experimental data (individual experiments not shown but given in the work of Plank et al. [2009] ). Black line is the preferred thermometer, fit through sediment melting experiments of Hermann and Rubatto [2009] , and relevant to the pressure range of 3.5 to 4.5 GPa. Equation (1) is only valid at temperatures above the H 2 O-satuated solidus. Also shown are monazite-saturated aqueous fluids of Tropper et al. [2011] at X NaCl = 0.1-0.2 (plotted at 800 C, even though the experiments were conducted at 1 GPa). Orange box is sediment melt at monazite-exhaustion from Skora and Blundy [2010a] for 7 wt% H 2 O in the system (plotted at +110 above the solidus, as for their composition at 840 C and 3 GPa; and assuming a natural Ce/REE ratio of 0.4, as in the work of Plank et al. [2009] ).
states (+3 and +4) and its partition coefficient is not strictly identical to that of H 2 O during mantle melting . However, we find that H 2 O/Ce is highly correlated to H 2 O/La in arc eruptives (Pearson correlation coefficient of 0.99), demonstrating a minor role for oxidation on Ce contents. This is consistent with the small magnitude (≤10%) Ce anomalies observed in arc REE patterns . Due to the similar overall partitioning between H 2 O and all the light REE, we continue to express the slab fluid geothermometer in terms of H 2 O/Ce because of its historical use in igneous geochemistry. where T 4GPa is the temperature (in C) at 4 GPa. We envision the thermometer to pertain most to sediment melting because that is the lithology expected at the slab surface; however, the thermometer would also be applicable to the melting of metabasalt with allanite present [Klimm et al., 2008; Plank et al., 2009] .
[14] Equation (1) is limited in its applicability to temperatures above the solidus, at pressures near C/GPa or 2.5 C/km), which may be an adequate approximation as long as H 2 O/Ce predicts temperatures within the supersolidus region (which they uniformly do). Water-isopleths and wet sediment solidus are based on experiments 2.5 to 4.5 GPa from Hermann and Spandler [2008] . The wet solidus is defined in their experiments up to 3.5 GPa, above which may lie the second critical end-point (somewhere along the dashed line).
4 GPa, and requires the assumption that the mantle contributions to H 2 O and Ce are small; however, these limitations can be overcome to facilitate its wider deployment. With respect to the solidus, Figure 3 illustrates that H 2 O/Ce varies rapidly (10 4 to 10 5 ) in the near-solidus region. Thus, a different expression would be required to parameterize this part of the H 2 O/Ce-temperature relationship. In practice, however, few arc basalts possess such high H 2 O/Ce typical of solidus or sub-solidus temperatures. In the arcs examined in this study, only three volcanoes have H 2 O/Ce greater than the nominal 4 GPa solidus value of $7,000. In these cases the temperature can simply be fixed at the solidus, which we take here to be 730 C at 4 GPa (based on the experimental study of Hermann and Spandler [2008] ). It is worth noting that this solidus temperature is the minimum reported in experimental studies at 4 GPa ([e.g., Schmidt et al., 2004] report 780-850 C at 4 GPa), and significant variations are expected for different bulk and fluid compositions [e.g., Thomsen and Schmidt, 2008; Tsuno and Dasgupta, 2012] . Future studies may take into account solidus variations, as well as a new function to calibrate H 2 O/Ce > 7,000.
[15] The pressure limitation arises because the calibration in equation (1) is strictly relevant to the narrow pressure range of 3.5 to 4.5 GPa [Plank et al., 2009] . However, slab fluids may acquire their H 2 O/Ce at a different pressure, so a pressure correction may be necessary (see section 3.3 for details about the correction and section 5.1 for the application). Finally, use of equation (1) to infer slab surface temperature requires that the H 2 O/Ce ratio in arc magmas is set largely at the slab surface, with little subsequent contribution from the mantle or the crust. The potentially important role of the mantle can be assessed via correlations with other incompatible trace elements, such as Nb, and such a method is developed in a later section of this paper (section 3.2). Other limitations of the H 2 O/Ce thermometer (i.e., the condition of allanite and monazite saturation; and the effects of fluid-melt miscibility, fluid-rock reaction in the mantle, and multiple fluids from the slab) are addressed in the supplement to the work of Plank et al. [2009] .
[16] Since the development of the H 2 O/Ce geothermometer, three studies have raised potential complications. One involves compositional controls on monazite solubility, independent of temperature. For example, Tropper et al. [2011] carried out experiments that demonstrate how dissolved NaCl substantially enhances Ce-monazite solubility in aqueous fluids, where X NaCl of 0.1 to 0.5 results in a ten-fold decrease in H 2 O/Ce at constant T. However, at intermediate salinities not uncommon to metamorphic settings (X NaCl = 0.1 to 0.2), such fluids possess H 2 O/Ce ratios similar to the melts used to calibrate the thermometer in the work of Plank et al. [2009] at 800 C ( Figure 3) . Moreover, the H 2 O versus Cl systematics in most arc magmas are consistent with slab fluids similar to seawater in salinity, and thus X NaCl even less than 0.1 ($0.05 for 3.5% NaCl brine [Wallace, 2005; Ruscitto et al., 2012] ). In their sediment melting experiments, Skora and Blundy [2010a] pointed out that both Th solid solutions in monazite (brabantite and huttonite) and total H 2 O in the system may affect monazite solubility at constant temperature. Their recent work [Skora and Blundy, 2010b ] also points to a trade-off between the activities of PO 4 2-and LREE in monazite-saturated melts, an effect that may lead to lower concentrations of REE in the melt for natural sediment systems with high PO 4 2-. The latter effect requires consideration of apatitesaturation within the context of the apatite content of natural sediments in order to quantify the effect on monazite solubility. Nonetheless, all of this work points to substantial effects on monazite solubility, driven by both fluid composition (Cl, PO 4 2-) or solid solutions (Th, other REE), that must be taken into account in refining an accurate H 2 O/Ce thermometer. Future experiments are needed to develop such compositional parameterizations, but in this paper, we continue to exploit the large temperature dependence.
[17] The other concern is related to the basic premise of the thermometer -that slab fluids are saturated with allanite and/or monazite. Plank et al. [2009] used mass balance to predict that slab fluids will be allanite-or monazite-saturated in sediment up to $950 C and 40% melting. However, if the sediments at the top of the slab are flushed with fluids derived from greater depths in the slab, then they can melt to large enough degrees to exhaust the REE phase even at lower temperatures. Based on their experimental results, Skora and Blundy [2010a] calculate monazite-out at $780 C and 55% melting if sediment is flushed with 15 wt% H 2 O. In this case, the REE will no longer be controlled by a REE phase, and H 2 O could saturate the melts, rendering the H 2 O/Ce thermometer inapplicable. For high fluid flushes (i.e., at high H 2 O:rock ratios), H 2 O/Ce could climb to very high values (>100,000) when Ce becomes dilute as H 2 O is increasingly added. For example, a sediment with GLOSS Ce concentration of 57 ppm could yield a fluid with H 2 O/Ce of 100,000 if all the Ce were extracted into a fluid 5.7 times the mass of the sediment. Such high integrated fluid:rock ratios could be attained locally upon multiple episodes of fluid addition supplied by dehydration reactions occurring deeper in the slab (e.g., lawsonite and/or serpentine breakdown). Indeed, fluid addition after monazite exhaustion and LREE extraction could lead to H 2 O/Ce approaching infinity. Such very high H 2 O/Ce ratios are not observed in arc magmas, and so the system does not seem to reach this state of high fluid:rock ratio and/or fluid-addition after monazite exhaustion. On the other hand, the Th and La partitioning relationships determined by Skora and Blundy [2010a] , which are complicated by non-Henrian behavior due to doping levels in experiments, predict Th-La fractionation in monazite-saturated melts, which violates the general lack of fractionation observed in arc magmas . They conclude from this that slab fluids cannot be monazite-saturated, and that fluid flushing exhausts monazite. Thus, the requirements of both H 2 O/Ce and Th/La provide tight constraints on the behavior of monazite in subducting sediments. It may be that melting at conditions near monaziteout will retain the temperature-dependence, while causing minimal fractionation of Th from La. This is apparently true at $800 C, where Skora and Blundy [2010a] predict monazite-out for 7 to 15 wt% H 2 O (Figure 3 ), but it remains to be seen for other conditions.
Methods

Arc Eruptive Sampling
[18] The purpose of this study was to apply the H 2 O/Ce fluid thermometer to slab fluid compositions from 51 volcanoes in 10 subduction zones in order to test whether the estimated temperatures relate to those predicted from thermal models. The sources and treatment of the arc data are detailed in Text S1 in the auxiliary material and the data set is summarized in Table 1 . 1 The data consist of melt inclusion-based H 2 O concentrations measured by ion probe or infrared spectroscopy, and highprecision trace element compositions of erupted whole rocks (WRs), or in some cases, the melt inclusions themselves. [19] Melt inclusions (MIs) are pockets of melt that become trapped within a phenocryst during crystallization. The strong pressure-dependence of volatile solubility in melts means that WRs and matrix glasses are highly degassed, while MIs may preserve pre-eruptive H 2 O contents that approach those of the initial, undegassed magma [Anderson, 1979; Sobolev and Chaussidon, 1996; Newman et al., 2000] . We used the maximum H 2 O content measured in MIs from each volcano to represent the original H 2 O content prior to ascent. Many processes (e.g., degassing of melt, diffusive exchange through crystals, CO 2 gas-fluxing, crustal contamination) can reduce H 2 O and H 2 O/Ce, and so temperatures calculated here are maxima. However, in many instances, coherent populations of melt inclusions trapped in near-primary olivine (≥ Fo 89 ) must reflect near-primary H 2 O contents, as degassing of H 2 O inevitably drives crystallization and magma evolution (see examples in the work of Plank et al. [2009] ). To screen for the least contaminated and most primitive and undegassed magmatic compositions, we used only basalts and basaltic andesites, and most commonly MIs trapped in olivine hosts. We take our screened compositions to record primary elemental ratios from the mantle wedge, and assume that they have not been affected by crustal processes. Because the quality of trace element data is usually better for WRs than MIs, we primarily took Ce concentrations (and Nb concentrations, see section 3.2) from the analyses of the WR-hosts of the least-degassed MIs. Differences in Ce concentrations between WRs and MIs (generally 5 to 20%) have a small effect on the calculated temperatures due to the logarithmic nature of the H 2 O/ Ce fluid thermometer.
Determination of Slab Fluid Compositions via Mantle-Unmixing
[20] A component of the observed H 2 O/Ce in arc eruptives must be due to contributions from the sub-arc mantle. The sub-arc mantle ranges from highly depleted to highly enriched in trace elements [e.g., Pearce, 2005; Leeman et al., 2005; Caulfield et al., 2008] . Could high H 2 O/Ce simply reflect a mantle initially more depleted in Ce? While this makes intuitive sense, it is important to consider the full mixing problem, because both H 2 O and Ce are being added from the slab to a mantle that contains both H 2 O and Ce. This question can be answered by unmixing the mantle from the arc composition to reveal the H 2 O/Ce ratio of the added slab fluid [e.g., . In carrying out this exercise, it is useful to consider an element that is minimally added in slab fluids, and like others [Pearce et 
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Geochemistry Geophysics Geosystems G 3 G Nb to Ce, and plot it against H 2 O/Ce ( Figure 5 ). This becomes a useful diagram for illustrating and quantifying the mixing process because: 1) Nb is incompatible like H 2 O and Ce and so minimally fractionated during partial melting and crystallization; 2) mixing lines are linear due to common denominators; and 3) the mantle and slab fluid components are located near the Nb/Ce and H 2 O/ Ce axes, respectively, making mixing lines easy to interpret (i.e., the H 2 O/Ce ratio of the mantle is very low compared to that of slab fluids, and the Nb/Ce of slab fluids are expected to be very low compared to that of different mantle sources). The Nb/Ce ratio is also a measure of the well-known "Nb-anomaly" common to arc magmas.
[21] For each volcano, the H 2 O/Ce ratio of the slab fluid was estimated from a mixing line between the measured arc composition and an estimate of its mantle source ( Figure 5 ). The slab fluid composition was calculated from the projection toward the y axis. In practice, we did not project all the way to the y axis (Nb/Ce = 0) because slab fluids will contain some Nb (i.e., finite Nb/Ce). We chose a Nb/Ce value of 0.04 for the slab fluid, as it was the minimum Nb/Ce value recorded in the arc compositions that we considered in this study (with the exception of Tuxtepec in Mexico), and therefore the maximum possible Nb/Ce for the slab fluids. Our assumption about Nb/Ce in the slab fluid leads to only a small shift in calculated temperatures (as can be deduced from Figure 5 ). Figure 5a shows the generic topology of the mixing problem. For a given arc composition, a highly depleted mantle source with low Nb/Ce (e.g., H-DMM) will lead to a projected slab fluid with higher H 2 O/Ce than a more enriched mantle source with high Nb/Ce (e.g., E-MORB) (solid lines in Figure 5a ). For a given mantle source composition and H 2 O/Ce ratio in the arc, the arc with higher Nb/Ce will project to a slab fluid with higher H 2 O/Ce than one with lower Nb/ Ce (solid and long dashed lines, respectively, originating from N-MORB). Finally, for a given mantle source composition and Nb/Ce ratio in the arc, an arc eruptive with higher H 2 O/Ce will project to a slab fluid with higher H 2 O/Ce than one with lower H 2 O/Ce (solid and short dashed lines, respectively, originating from N-MORB). Thus the geometry of the mixing problem depends critically on the relative positions of the arc and mantle source compositions, but in all cases, the slab fluid has higher H 2 O/Ce than that measured in the arc eruptives, leading to a decrease in inferred slab fluid temperature compared to using the actual H 2 O/Ce ratios measured in melt inclusions.
[22] The primary assumption in performing this correction is the Nb/Ce of the mantle. We chose a constant composition for each arc (guided by prior detailed studies on the geochemical variations in each arc; see Table 1 footnotes for references), even though within a single subduction zone, especially those with active backarc basins, mantle source compositions may be variable . As is apparent from the examples given in Figure 5a , it is possible to generate a factor of 2 variation in H 2 O/Ce from uncertainties in the mantle source (from enriched to depleted). A factor of 2 variation in slab fluid H 2 O/Ce, however, leads to only a $50 C variation in the predicted slab fluid temperature (at $800 C), due to the logarithmic nature of the H 2 O/Ce-temperature function. In section 4.2, we conclude that the magnitude of this mantle correction generally leads to an even smaller effect on the calculated temperatures ($20 C on average). Thus, the mantle is not generally a big contributor to arc H 2 O/Ce, as we posited initially.
[23] The Nb/Ce-H 2 O/Ce mixing diagram also illustrates how arc magmas with similar magmatic H 2 O contents may originate from slab fluids with highly variable H 2 O/Ce. For example, MIs from Tonga and Guatemala both have similar average least-degassed H 2 O contents of ($3.25 to 3.5 wt%), and yet the H 2 O/Ce of their slab fluids are completely dissimilar ($9,500 versus 1,800, respectively) ( Table 1 and Figures 5b and 5h ). While this is partly a function of mantle source composition (i.e., H-DMM versus in E-MORB, respectively) it results primarily from major inter-arc differences in the concentration of Ce in arc eruptives (e.g., $5 ppm Ce for Tonga versus 25 ppm for Guatemala). On the other hand, some arc magmas have different H 2 O while H 2 O/Ce in their slab fluids is similar, such as Nejapa and Granada in Nicaragua (with nearly identical H 2 O/Ce slab fluids compositions of $5,600, but very different magmatic H 2 O contents of 2 versus 4 wt%, respectively) ( Figure 5i ). In these cases, the relative H 2 O concentration of an arc magma may be estimated from its position along the mantle source-slab fluid mixing line. Granada plots on the same line as Nejapa, but is closer to the slab fluid end-member, and therefore receives a larger relative fraction of the slab fluid and contains a higher magmatic H 2 O content.
Pressure Correction of the H 2 O/Ce Thermometer
[24] As described in section 2, the H 2 O/Ce geothermometer is calibrated for pressures near 4 GPa. Temperatures at other pressures (see section 5 for the application to sub-arc slab surface depths) were estimated by projecting T 4GPa along H 2 O-isopleths (in the supersolidus region), which are nominally linear and defined up to 4.5 GPa by Hermann and Spandler [2008] (Figure 4 ). By definition, the H 2 O concentration in the melt is constant along each isopleth, and so this effect is explicitly taken into account in the pressure correction of H 2 O/Ce temperatures. Because monazite solubility is likely dependent on solute content (100 -H 2 O along the isopleth), Ce concentration may also be maintained in this projection. These are simplifying assumptions, with significant uncertainties on the shapes and slopes of the H 2 O-isopleths, and further work will better guide how to translate H 2 O/Ce through P-T space. Nonetheless, there is a better rationale for projecting H 2 O/Ce along H 2 O-isopleths than simply translating T 4GPa isothermally up or down pressure. Accordingly, we assume for the purpose of this work that isopleths of H 2 O concentration have constant, linear slopes in the supersolidus and supercritical region. We propose the following parameterization (based on Hermann and Spandler [2008] and illustrated in Figure 4 ):
where d is the depth of interest (in km), 124 reflects depth (in km) at 4 GPa (assuming a mantle density of 3.3 g/cc), and 2.5 is the slope of the H 2 Oisopleths (in C/km).
Results
H 2 O/Ce in Arc Magmas and Slab Fluids
[25] The H 2 O/Ce ratios measured in arc magmas span nearly two orders of magnitude, from $300 (Irazu volcano in Costa Rica) to 21,000 (Volcano A in Tonga; Table 1 and Figure 6 ). This is in stark contrast to the low values and narrow range of H 2 O/ Ce in the oceanic mantle (200 AE 100) [Michael, 1995; Dixon et al., 2002] Figure 6 ).
[26] As discussed earlier, subtracting the mantle contribution to H 2 O/Ce raises this ratio in the inferred slab fluid, regardless of which mantle source composition is assumed. Taking into account the best constraints available on the appropriate mantle source for each arc (see references in Table 1 footnotes) leads to a range in H 2 O/Ce in the slab fluid from $400 to 21,000, nearly the same as in the arc eruptives themselves (Table 1 and Figure 7 ). The relative differences between the arcs also remain the same. The largest correction involves a factor of $2.5 increase in H 2 O/Ce for San Juan volcano in Mexico, due to its relatively high measured Nb/Ce. For some of the volcanoes, the correction depends critically on the composition of the enriched mantle ( Figure 5 ), which is generally not well known, and so the estimates of slab fluid temperature for these volcanoes are highly uncertain.
[27] We obtain a wide range in H 2 O/Ce in global slab fluids (Figure 7 ). This agrees with prior estimates in the literature, which are typically based on inverting trace element and isotopic compositions to solve for mantle melting, mixing and source (Figure 8 ). For example, estimated slab fluids beneath the Mariana and Lau back-arc basins have H 2 O/Ce of $2,000 and 10,000, respectively [Stolper and Newman, 1994; Bézos et al., 2009] . Slab fluids calculated with MIs from Kamchatka, Cascadia and Mexico yield H 2 O/Ce of $2,000 to 3,000 [Grove et al., 2002; . Other experimental [McDade et al., 2003] and oxygen isotopic studies [Eiler et al., 2000; Eiler et al., 2005] have proposed H 2 O/Ce of $2,000 to 7,000 in different slab fluids, although these studies lacked actual H 2 O measurements to guide their estimates. As with prior estimates, our unmixing approach yields greater magnitudes and a wider range of H 2 O/Ce in slab fluids than are found in MORB or OIB (Figure 8 ). ratios using the thermometer given in equation (1) [Plank et al., 2009] . Correcting for local mantle source compositions has a small effect on estimated slab fluid temperatures of individual volcanoes, lowering temperatures by $20 C on average. This shift is well within the uncertainty of the fluid thermometer (at least 50 C; Figure 3 ). In light of these results, users should generally be confident in calculating temperatures from H 2 O/Ce measured in arc melt inclusions alone, without the extra step of removing the mantle contribution. However, in this paper we report the mantle-corrected slab fluid temperatures. In the following section, these temperatures will be adjusted to sub-arc depths to estimate average sub-arc slab surface temperatures for each arc. [29] Slab fluid temperatures at 4 GPa for individual volcanoes range globally from 730 C to 990 C (Table 1 and Figure 7) . In detail, the average slab fluid T 4GPa is < 750 C for the Lesser Antilles, Tonga, and Nicaragua; between $750 and 800 C for the Marianas and Kamchatka; between $800 and 850 C for the Aleutians and Guatemala; and between $850 and 900 C for Mexico, Cascadia and Costa Rica.
Apparent Slab Fluid Temperatures at 4 GPa
[30] The calculated apparent temperatures at 4 GPa are consistent with those determined using other geochemical approaches, specifically for Kamchatka (700 to 900 C at 4 GPa ) and Tonga ($800 C at 2.5 GPa [George et al., 2005] ). The H 2 O/Ce temperatures are also consistent with the independent K 2 O/H 2 O fluid thermometer proposed by Hermann and Spandler [2008] and parameterized by Plank et al. [2009] (note publisher's typo in their Figure 2b : the expression should be K 2 O/H 2 O = 6 Â 10 À5 e 0.0098*T ). As mentioned above, the K 2 O/H 2 O fluid thermometer is based on the solubility of phengite, which may have a very broad stability field on both sides of the solidus for K-rich, sedimentary compositions Hermann and Spandler, 2008; Hacker, 2008] . Fluid saturated with phengite Dixon et al. [2002] . MORB from Discovery, Shonas, and FAZAR and Easter Microplate [Simons et al., 2002] . OIB from Samoa [Workman et al., 2006] , Loihi [Dixon and Clague, 2001] , and Easter/Salas y Gomez [Simons et al., 2002] . Estimates for Cascadia from Grove et al. will increase in K 2 O/H 2 O by over an order of magnitude, from < 0.1 to > 1, as temperature increases from $700 to 1,050 C at 3.5 to 4.5 GPa [Hermann and Spandler, 2008] . In Table 1 , we compare slab fluid temperatures estimated from both the H 2 O/Ce and K 2 O/H 2 O fluid thermometers (both at 4 GPa), using arc eruptive compositions. We find that the slab fluid temperatures for most of the individual volcanoes agree within 50 C, although some differ by > 100 C. The average arc temperatures, however, which are the focus of our discussion, agree within 35 C on average, although the K 2 O/H 2 O temperatures are systematically shifted to lower values than the H 2 O/Ce temperatures for all arcs except Tonga and Guatemala. The general agreement in the relative and absolute slab fluid temperatures estimated from both thermometers is encouraging, given all the independent uncertainties that go into them.
Discussion
Sub-arc Slab Surface Temperatures
[31] One of the major goals of this study was to test whether the H 2 O/Ce geothermometer yields temperatures that agree with those predicted from numerical models describing the thermal structure of subducting slabs. A relevant point of comparison is sub-arc slab surface temperature (SASST) -the temperature of the slab surface directly beneath the arc, at a depth of h -as this describes the region where fluids that supply the arc may have last equilibrated with the slab. Of course, this assumption could be incorrect, as fluids may also move laterally into the arc melting region, and so reflect shallower conditions than h [Cagnioncle et al., 2007] , or they may move updip from depths greater than h to reach the arc melting region [Spiegelman et al., 2008] . Regardless, our starting assumption is that slab fluids equilibrate at the slab surface and flow predominantly vertically, such that the H 2 O/Ce ratio in magmas reflects the conditions directly beneath the arc.
[32] In order to estimate SASST, arc-averaged mantle-corrected H 2 O/Ce temperatures at 4 GPa were adjusted for h, which varies here from 80 km (Mexico) to 169 km (Nicaragua and the Marianas) (Syracuse et al. [2010] ; see section 3.3 for details concerning the depth correction). We compare our H 2 O/Ce results (Table 1 and Figure 2 ) to the SASSTs predicted from the thermal models of Syracuse et al. [2010] . We use the Syracuse et al.
[2010] study in large part because they include all of the subduction zones we have examined. In their approach, parameters for each arc sector (i.e., geometry, convergence rate, plate age, sediment thickness and upper plate structure) are input into a two-dimensional kinematic model [from van Keken et al., 2002] that is used to predict the thermal structure of the slab and mantle wedge as they interact. The wedge has a non-Newtonian, temperature-and stress-dependent rheology, with an initial potential temperature of 1420 C. The model does not include the effects of viscous dissipation, adiabatic heating or cooling, shear heating on the slab surface, mantle melting, or secondary convection in the wedge. Syracuse et al. [2010] do, however, examine the effect of slab-mantle coupling depth, which controls how and where the slab heats. At depths shallower than 50 km, the slab and wedge are assumed to be completely decoupled (full slip) and the slab heats slowly; at greater depths, the slab and wedge are assumed to be completely viscously coupled (no slip) and the slab heats rapidly; there is a transition region where the wedge moves at 5% of the plate rate. The SASST depends to some degree on the coupling depth. We choose the "D80" model from Syracuse et al. [2010] , which assumes a constant coupling depth of 80 km for all slabs, to be representative as it is simple to interpret. For the 10 arcs considered here, the D80 model produces SASSTs within $15 C on average of their "X25" model (coupling depth 25 km trenchward of the arc) and within $40 C of their "W1300" model (coupling depth resulting in a maximum temperature of 1300 C beneath the arc). As Syracuse et al. [2010] note, the agreement with the fourth model, "T550," (coupling depth where the slab surface is 550 C) is similar for some arcs, but wildly different for others (such as Tonga). We do not consider the X25, W1300, or T550 models here.
[33] Figure 9 compares the SASSTs derived from H 2 O/Ce to those predicted from the D80 model. There is a strong correlation between the SASSTs (r = 0.81, for all arcs with three or more volcanoes). The temperatures agree within 80 C and the average agreement is $30 C. The large difference for Cascadia ($79 C) may be related to its weakly defined seismic zone, which causes uncertainty in slab geometry and h. When Cascadia is excluded, the average agreement in SASSTs is $20 C and the regression improves (r = 0.92). Moreover, h for Cascadia (90 km) is very near the assumed coupling boundary (80 km), where temperatures change rapidly; moving h down or the coupling depth up by as little as 10 km would reconcile the temperature off-set. Although not included in the Overall, Figure 9 indicates remarkable agreement between the two independent approaches, given the uncertainties in the thermometer (H 2 O-isopleth contours, compositional effects on monazite solubility), the thermal models (mantle temperature, shear heating, coupling depth), and h (location of seismicity). The correlation also supports a nominally vertical transport path of slab fluids from their release at sub-arc depths toward the surface, and precludes crustal processes as the driver of global variations in H 2 O/Ce temperatures.
[34] Both the geochemical and geophysical approaches for recovering SASST share important systematics. Slab surface temperatures at shallow depths ($30 km) or depths significantly greater than the coupling depth (here assumed to be 80 km), are reasonably well approximated by the thermal parameter, the product of slab age and vertical descent rate [Syracuse et al., 2010, Figure 12] . Old slabs that descend rapidly (such as Tonga) have a high thermal parameter and are cooler at a given depth than young slabs that descend slowly (such as Cascadia) (Table 1) . This is the primary reason that the D80 model predicts SASSTs for these two arcs to be $150 C different, and indeed, they are endmember arcs in terms of H 2 O/Ce SASST. On the other hand, for any given slab P-T path, temperature increases with depth, and so the depth of the subarc slab surface is also important. This effect can be seen when comparing Guatemala to Cascadia. On the basis of its thermal parameter alone, the Guatemala slab should be $170 C cooler than the Cascadia slab at any given depth (estimated from the difference in D80 slab surface temperatures at 30 and 240 km), however, because sub-arc depths in Guatemala (h = 142 km) are much greater than Cascadia (h = 90 km), they both yield similar SASSTs from the D80 model. It is noteworthy that the H 2 O/Ce thermometer also predicts the highest SASST for Guatemala, mostly due to its deep subarc slab depth. This effect is also observed between Mexico and the Marianas, where the very low thermal parameter for Mexico is offset by its shallow sub-arc slab depth (h = 80), producing a SASST warmer than the Marianas (h = 169 km). Thus, there is a surprisingly simple theory related to the thermal parameter that describes the thermal structure of slabs beneath arcs [Syracuse et al., 2010; van Keken et al., 2011] , and this theory, combined with observed variations in h, is supported by the strong Syracuse et al. [2010] . H 2 O/Ce SASSTs were calculated from arc melt compositions corrected for mantle contributions (i.e., slab fluids, as in Figure 5 ) using the thermometer in the work of Plank et al. [2009] given in equation (1), and then adjusted to reflect the pressure (depth) under each arc (h) using equation (2) (see section 3.3 and Figure 4 for details). Temperatures along the y axis are from the D80 model in the work of Syracuse et al. [2010] at h (see Table 1 footnotes for details). A reduced major axis regression (black line) from Till [1974] et al. [2010] , likely because they do not include a temperature-dependent mantle wedge rheology nor as high of a mantle potential temperature (1300 versus 1420 C). Other models include weak and buoyant materials that become unstable and flow or convect upward [Gerya et al., 2002; Gerya and Stoeckhert, 2006] (Figure 1a) , cooling the forearc and wedge to a large degree [Castro and Gerya, 2008] . While such instabilities may develop, H 2 O/ Ce limits the extent to which they can dominate flow with cool upwellings. Models that include a large low viscosity channel along the slab [Iwamori, 2007; Hebert et al., 2009] (Figure 1b ) lead to decoupling of the induced corner flow in the mantle that heats the slab. Although there is independent geophysical evidence for low viscosity regions in the mantle wedge [Hebert and Gurnis, 2010] , H 2 O/ Ce again limits the extent to which it can perturb Table 1 footnotes for details). Yellow box represents the slab fluid temperatures (AE50 C) of the respective arcs calculated from the H 2 O/Ce thermometer of Plank et al. [2009] given in equation (1) (from Table 1 ), and adjusted to h [from Syracuse et al., 2010] . Water-saturated sediment solidus and fluid-absent phengite melting curves (in black) after Hermann and Spandler [2008] . Blue, gray, and green shaded regions are where lawsonite and zoisite are stable in the subducting oceanic crust, and serpentine and chlorite are stable in the slab sub-Moho mantle based on phase boundaries in the work of Schmidt and Poli [1998] . flow and inhibit slab heating. The robust constraint from H 2 O/Ce is that every arc we have examined shows evidence for slab surface temperatures on or above the H 2 O-saturated sediment solidus (≥ 730 C at 3.5 to 4.5 GPa), and if these other thermal models (that predict uniformly lower temperatures) were correct, H 2 O/Ce should be an order of magnitude higher than observed, reflecting conditions within the sub-solidus region. [36] This study provides constraints not just on SASST, but also on the kinds of reactions that may release fluids, drive melting in the mantle wedge, and potentially control the locus of volcanism at the surface. The 10 arcs considered here span a large range in h, from 80 to 169 km. Our first order result is that volcanoes clearly do not form in response to a critical isotherm in the slab, as both the numerical models and H 2 O/Ce predict large variations in SASST between the arcs, from $730 C beneath Tonga to 900 C beneath Guatemala (Table 1 and Figure 2 ). Instead, temperatures range from the H 2 O-saturated sediment solidus to $200 C above it. We can also conclude from this that arcs do not form as soon as slab P-T paths cross the H 2 Osaturated sediment solidus. In many cases, arcs form when slabs have already passed this point (e.g., the Marianas; Figure 10a ), and so while sediment melting is ubiquitous, it does not appear to be the limiting control on volcano position.
Implications for h, Depth to the Slab Beneath the Arc
[37] Another prediction of the thermal models is that arcs with shallow h, within the slab-wedge coupling transition (generally observed between 60 and 80 km [Wada and Wang, 2009; Syracuse et al., 2010] ), might erupt a greater diversity of magma compositions, due to the wide range of slab surface temperatures that exist at this transitional depth. Figure 11 plots h versus the total range of H 2 O/Cebased slab fluid temperatures at 4 GPa for individual volcanoes from each arc. As we do not expect h to vary greatly within a given arc, these temperature ranges should also apply to SASSTs. We find a clear trend, where arcs that overlie shallow h slabs ($80 to 100 km) sample a large range of inferred slab fluid temperatures, up to $200 C, in a region defining a significant portion of sediment melting between the wet solidus and phengite-out (Figures 10b, 10c, and 10d ). This observation is consistent with the wide variety of magma types found in Cascadia (OIB, low-K olivine tholeiite, calc-alkaline basalt, high-magnesian andesite). The works by Reiners et al. [2000] and Rowe et al. [2009] attribute geochemical variability in Cascadia to differences in the amount of slab derived component, but the variability could also derive in part from the predicted variability in slab fluid temperature. Similarly, eruptives from Mexico (OIB, calc-alkaline basalt and basaltic andesite, shoshonite) and Costa Rica (shoshonite at Irazu and low-K basaltic andesite and andesite at Arenal) are quite diverse. Arcs with large h (>120 km) erupt more homogeneous magmas in terms of H 2 O/Ce, with <$50 C difference in inferred slab fluid temperatures, consistent with the nearly isothermal shape of the slab P-T paths in this region (Figure 10a) . Thus, there is evidence that arcs that sample the shallow portion of the subduction zone sample slab fluids with a wide range of formation temperatures, derived from the thermal "ledge" that forms as the mantle becomes viscously coupled to the slab, while arcs that sample slabs at greater depths have more homogenous chemistry reflecting a more thermally homogeneous slab surface. An alternate explanation is that beneath the arcs with large h, fluids have a longer vertical path through the mantle to follow, which might lead to homogenization by fluid mixing or reactions in the mantle.
Implications for Dehydration and Melting Reactions
[38] Slab fluid temperatures calculated with the new H 2 O/Ce fluid thermometer are consistent with or greater than the H 2 O-saturated solidus for both MORB and sediment (both 700 C < T sol < 750 C at 3 GPa Hermann and Spandler, 2008; Skora and Blundy, 2010a; Mibe et al., 2011] ) for all subduction zones considered here (Table 1 and Figure 2 ). As such, the "fluid" that is liberated from the slab and migrates into the mantle wedge at sub-arc depths is likely to be a hydrous melt or a solute-rich supercritical fluid. There is no evidence for dilute, sub-solidus, aqueous fluids directly supplying the arc, because this would require arc magmas to have much higher H 2 O/Ce (>100,000) than they do. However, at solidus temperatures, melts may have elevated H 2 O contents verging toward that of aqueous fluids [Ruscitto et al., 2012, Figure 10b ]. This overall observation requires substantial revision of the commonly envisioned H 2 O-rich, aqueous slab fluids that permeate the subduction zone literature. Instead, our H 2 O/Ce results indicate that slab components likely contain <30 wt% H 2 O [Plank et al., 2009] , and may have very different transport properties, compositions and viscosities than aqueous fluids.
[39] Although this study provides strong evidence for melting at the slab surface, this does not mean that aqueous fluid production isn't critical for the melting process itself. There are several ways to melt slab sediment, involving external and internal H 2 O. If no H 2 O is supplied to the sediment layer, the internal H 2 O, predominantly hosted in the mica mineral phengite [Hacker, 2008] , will drive melting at the fluid-absent phengite-dehydration solidus. This occurs at fairly high temperatures (>950 C at >100 km [Hermann and Spandler, 2008; Schmidt et al., 2004] ), higher than typically reached by most slabs. The exceptions are the slabs with low thermal parameter (like in Mexico and Cascadia), where young oceanic crust subducts and heats along high T/P trajectories that may intersect the phengite-out boundary (Figures 10b and 10c) . Indeed, only in these arcs do volcanoes record H 2 O/ Ce temperatures that approach the phengite-out curve (with T 4GPa $950 C for Tuxtepec, Jumiltepec and Tepetlapa in Mexico; and Twin Craters, Sand Mountain, and Garrison Butte in Cascadia). These arcs also lie near the fluid-absent amphiboledehydration solidus in basalt [Vielzeuf and Schmidt, 2001] , potentially implicating amphibole as another source of internal H 2 O. Irazu volcano, at the end of the Costa Rica arc, is a conundrum in this respect. It records the lowest H 2 O/Ce and therefore the highest T 4GPa of any arc volcano, and yet overlies a slab not predicted to ever cross the phengite-out curve. It is possible that either the thermal models underpredict temperatures at slab edges, which require three-dimensional treatments [Kneller and van Keken, 2008] ; or that the H 2 O/Ce thermometer is overpredicting temperatures at Irazu due to the subduction of a large section of Galapagosderived volcaniclastics , with atypical major element concentrations (i.e., altered alkali basalt), which may promote higher REE concentration in monazite/allanite-saturated melts than those used to calibrate the H 2 O/Ce thermometer. Such enhancement of allanite/monazite solubility would be consistent with observations of crustal metamorphism and is supported by elevated F in Irazu magmas (up to 2,500 ppm [Pan and Fleet, 1996; ). Nonetheless, sediment melting at the fluid-absent, phengiteout boundary is likely rare, and limited to the hottest slabs.
[40] Based on their H 2 O/Ce ratios, most volcanoes reflect sediment melting in the fluid-present melting region within $150 C of the H 2 O-saturated solidus at 4 GPa, and therefore require addition of external H 2 O (Figure 1a) . Likely sources derive from the dehydration reactions that occur below the sediment, in the cooler portions of the plate, where oceanic crust undergoes blueschist to eclogite reactions and mantle serpentinized peridotite dehydrates [Hacker, 2008] . Major H 2 O-liberating reactions involve lawsonite breakdown in the basaltic oceanic crust and serpentine breakdown in the sub-slab Moho peridotite (provided these deeper regions of the downgoing plate are indeed hydrated prior to subduction). The thermal structures of different slabs point to different reactions that may supply some arcs versus others. For example, the Mariana arc overlies great enough slab depths ($170 km) that serpentine and lawsonite are likely to be major sources of H 2 O for driving sediment melting at the slab surface (Figure 10a) . Moreover, at these depths, the slab surface barely nicks the H 2 O-saturated solidus, and so it is unlikely that the colder, hydrous oceanic crust below will melt also. This is consistent with the highly systematic geochemical variations in the Mariana volcanoes, which have been interpreted to reflect mixing of two components from the slab, one an aqueous fluid from the MORB crust and the other a sediment melt . This contrasts with other arcs, such as Cascadia, (Figure 10c) , where a very large proportion of the oceanic crust exists above its wet solidus [van Keken et al., 2011] ; in this case, basaltic melts of the slab may outweigh sediment melts and adakites could be generated [Defant and Drummond, 1990] , which seems inconsistent with basalt melting in the slab. While we have focused on the slab surface temperature, envisioning final equilibration of fluids there, fluids from greater depth in the slab will still have the ability to transport elements that reflect their lower temperature origin (e.g., Ba, Pb, Sr), and so contribute to the final composition of the composite fluid leaving the slab. [41] In this paper, we have applied the H 2 O/Ce thermometer of Plank et al. [2009] to arc compositions to estimate slab fluid temperatures at sub-arc slab depths for 51 volcanoes in 10 subduction zones. In doing so, we developed a new projection for slab fluid temperatures to pressures and depths beyond the original 4 GPa calibration, and also incorporated a new mantle correction scheme. Our results agree remarkably well on an arc-to-arc basis with sub-arc slab surface temperatures generated by thermal models from Syracuse et al. [2010] . Together, the volcanic data and thermal models demonstrate that global variations in slab fluid temperature and magma composition may be related to the slab thermal parameter and depth beneath the arc in a straightforward way. The calculated temperatures are all on or above the wet-sediment and wet-basalt solidi, indicating that hydrous slab and sediment-derived melts and/ or solute-rich supercritical fluids supply the arc melting regime in the mantle wedge, not aqueous fluids.
Conclusions
[42] The agreement between the H 2 O/Ce thermometer and the thermal models is an achievement toward reconciling geochemical and geophysical observations. Historically, studies in both domains have been geared toward specific volcanoes or subduction zones in general. While this approach has been useful for gaining insight into a particular locality or an overview of subduction processes, new efforts have provided regional data with a global view. The convergence of data and model in predicting slab thermal structures provides new confidence in attacking the next part of the pathmantle wedge flow and melt transport.
